High quality lime is an essential raw material for many industries (such as steel, chemical, sugar etc) all over the world. In Nigeria most of the demand for this chemical product is met through importation. The Cretaceous Albian carbonate of the Calabar Flank -the Mfamosing limestone is hereby assessed for production of quality lime. The limestone is fine-grained, fossiliferous and composed dominantly of algal boundstone and lenses of oolitic wackestone and packstone. X-ray fluorescence (XRF) and X-ray diffraction (XRD) were employed in its chemical and mineralogical investigations. The suitability of the limestone for commercial lime production depends on its chemical purity (66.69% CaCO3) and calcination process. Consequently the limestone was calcined through a range of temperature ( 
INTRODUCTION
Nigeria is blessed with numerous deposits of calcium carbonate resources -limestone, marble, dolomite ( Fig.1) . Limestone is found in almost all the sedimentary basins in Nigeria. However the quantity and quality of limestone vary a great deal. Locating sufficient quantity of this mono_mineralic rock is often easy but overall quality and variation laterally or at depth often limits or disqualifies the mineral at the evaluation stage (Scott 1983) . Ofulume (1993) noted that the ultimate utilization of the resource is mainly a function of its chemical and technological properties. Lime is the product of calcination or burning of limestone in a kiln at a temperature in excess of 950 0 C.Such burning process is demonstrated by the following equation: CaCO 3 + heat CaO + CO 2 Limestone lime Since most limestones in Nigeria are utilized for cement manufacture, commercial lime production is generally neglected. Thus industry demand for the product is met through importation. Lime itself is probably the most important chemical in commerce having more than two hundred applications (Boynton, 1980) . Its usage spans metallurgical, chemical, constructional, environmental, food and food byproducts, agricultural and petroleum etc.
The Mfamosing limestone of the Calabar Flank noted for its chemical purity is hereby assessed chemically, mineralogically and technologically with the aim of producing quality commercial lime for the industries.
Consequently the best calcination parameters are determined by assessing technological properties of the lime such as loss on ignition of lime(to test completeness of burning), decrepitation (to test whether the lime crumbles), mechanical strength ( to test whether the lime generates fines in the kiln and during mechanical handling),and reactivity with water(slaking test) to determine its reactive ability.
THE GEOLOGY OF THE DEPOSIT
The Mfamosing limestone is a Cretaceous calcium carbonate deposit in the Calabar Flank ( Figure  2 ) about which a lot of literature has been published especially with reference to its geology (Reyment 1965 ,Petters 1981 ,Petters and Reijers, 1987 ,Ramanathan and Fayose,1990 Ekwueme et al. 1995) Sedimentology (Fayose, 1978 , Petters, 1981 , 1982 , Akpan 1985 , Ramanathan and Fayose, 1990 ; Stratigraghy (Petters, 1982 , Petters and Reijers, 1987 , Nyong and Ramanathan, 1988 ;depositional environment (Fayose, 1978 ,Petters and Reijers, 1987 ,Akpan,1990 ; biostratigraghy (Petters,1982 ,Akpan, 1985 ,1990 ; paleogeography Ramanathan , 1988,Ramanathan and Fayose, 1990) Apart from Ekwueme (1985) that discussed the chemical composition and industrial quality of limestone on the Calabar Flank, little or no attention has been paid to the geochemistry of the limestone and the technological properties of the lime product.
According to Petters and Reijers (1987) the Calabar Flank is the down-faulted northernmost West African Atlantic continental margin and was a major area of carbonate sedimentation during the mid-Cretaceous. Both the rimming and platform carbonates of the Mfamosing limestone exhibit facies which are suggestive of a gradual change of depositional environment from supratidal to lagoonal and shallow marine facies (Petters and Reijers 1987 The Mfamosing limestone overlies the oldest sedimentary unit in the Flank, the Awi Formation -a taphrogenic continental clastic unit. The limestone is a major carbonate body and is up to 450m thick. The basal lithofacies of the Mfamosing limestone is the stromatolitic boundstone which is up to 3m thick in places. The thickest lithofacies in the lower part of the carbonate bodies comprises a dolomitic sandy limestone. The middle lithofacies is mostly a fossiliferous algal boundstone with rhodoliths and lenses of oolitic wackestone and packstone and is well displayed in the quarry (Fig. 2) .
A chalkified limestone is at the top of the middle part. The upper part of Mfamosing limestone is a definitive oolitic packstone and grainstone microfacies though in places this top unit is an admixture of siliciclastics and carbonates with silt and fine sand lithologies. The Mfamosing limestone was deposited in a lagoonal setting on the landward side where it merged with a siliciclastic hinterland (Petters and Reijers, 1987) . Diagenesis influenced the sediments right from the moment of deposition (micritization) and late diagenetic process created (micro)stylolites which are locally abundantly present. Prolonged denudation on the Flank uplifted near the tectonically active Cameroon Volcanic axis led to the extensive weathering and the formation of tropical karst scenery of the Mfamosing limestone (Petters and Reijers, 1987) .
SUITABILITY
OF LIMESTONE FOR LIME MANUFACTURE Suitability of a limestone for lime manufacture depends on the quality of the raw stone and on the calcination or burning process.
Factors such as chemical purity, crystal structure and density affect quality of the raw stone. On the other, physical size of limestone, CO 2 concentration in the kiln, temperature/retention time in kiln, and type of kiln are critical factors in the calcination process. These factors are considered below:
QUALITY OF RAW STONE

Chemical Purity
High premium is placed on the chemical purity of the raw stone (limestone) because the purity of the lime is dictated by purity of the limestone and by the calcination process .The limestone should have high and uniform calcium carbonate content. A general requirement for commercial lime production is a rock with a minimum of 95% CaCO 3 (Power, 1985) however British Standards Institute BIS (IS:10345:1982) prescribed 52% CaO minimum (ie 92.8 CaCO 3 %) for use for lime manufacturing for fluxing in steelmaking. The chemical purity of the limestone has been determined (Table 1) using XRF by Sofresid Laboratory, France. X-ray diffraction (XRD) analyses (Fig 3) of the limestone have enabled detailed mineralogical identification of the impurities present. These impurities include dolomite, pyrrhotite, fluorapatite, quartz, plagioclase etc (Fig 3) . When appreciable amounts of these impurities are present in any limestone they constitute serious impediment to a wide spectrum application of the limestone and lime prepared from it. Consequently cement manufacture becomes their ultimate application.
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Lime producers are constantly striving to obtain the purest stone deposits since the purest stone usually provides the best quality lime. Impurities dilute the quality of the lime and adversely affect reactivity. Also absorption of impurities from fuel occurs on the most reactive portion of the lime particles -its surface. Hard -burned lime of sluggish reactivity does not possess as strong an affinity for the acid oxide impurities as soft-burned. If silica in the ash is in contact at high temperature with a lump of lime whose surface is partially hard -and soft -burned the most reactive CaO molecules react with the SiO 2 first, the hard-burned CaO molecules react more slowly (Boynton,1980) . With integral impurities in the stone at low temperature (899-927 0 C) relatively little silica and other impurities combine with the lime. But as the temperature increases, the uncombined acid oxide impurities are increasingly absorbed, forming various complex calcium compounds such as mono _calcium and di_calcium silicates, calcium aluminates, di_calcium ferrite.
A slagging effect occurs that tends to occlude the pores in the quicklime and mute its reactivity. This means that when the lime is slaked, water encounters more difficulty in penetrating to interior of the lime because of its clogged pores, thereby retarding hydration. As a result lime abnormally high in impurities may react like a hard burned or recarbonated lime with water, even though over burning did not occur.
Crystal Structure of Stone
The physical characteristics of the various limestones determine the quality of the lime product. The physical attributes are shown in Plate 1. The Mfamosing limestone is fine grained. The texture of the limestone is a factor in successful calcination of the stone into lumps of lime. The coarse grained limestones are prone to fracturing and crumbling into fines when heated. They can be disintegrated to dust by the heat of the calcination process. This situation is dreaded by lime manufacturers because the product is rendered unsaleable for many uses. On the other hand, the fine grained limestone can easily be calcined to produce lumps of lime because the crystals resist the temperature stresses. Another factor that contributes to resistance of the expansion stress is the presence of network of minute fissures separating the small crystals. These fissures behave like expansion joints as the heat causes the crystals to dilate thus maintaining integrity of the matrix.
Density of Limestone
The density and crystal structure of limestone are related.
The shape of crystal determines the void spaces in the limestone sample and hence the density. Larger void will allow easy passage for CO 2 gases during calcination but it also results in a reduction of volume during calcination. Some limestone tend to fall apart during calcination process due to its crystal structure. They possess high crystallinity and seriously complicate the calcination process.
CALCINATION
The limestone samples were prepared as lumps by trimming them to size (about 2cm diameter).These lumps were placed inside crucibles and then shock calcined using a laboratory muffle furnace. This implies that they were introduced into the furnace only when the furnace had attained and stabilized at the desired calcination temperatures of 950 
Physical Size of Limestone/Type of Kiln
Generally larger stone sizes are more difficult to calcine uniformly and require more time. This is because dissociation always penetrates gradually from the surface to the interior of stone. To expel the CO 2 from such large stones high temperatures are necessary to generate sufficient CO 2 pressure in the interior of the crystal lattice for the escape of the gas. Frequently these high temperatures over_burn the surface layer of the stone causing excessive shrinkage which narrows and closes the fissures.
The size of stone used depends on whether the kiln is a vertical or horizontal rotary. Vertical kilns usually use limestone sizes between 13-20cm while horizontal kilns use 4-5cm (1 1 / 2 -2") size. The smaller sizes tend to calcine faster at a lower temperature than the larger fraction since the CO 2 gas has a shorter escape distance in the smaller size samples. Consequently Boynton (1980) prescribed that the ideal stone to calcine for optimum quality, uniformity and thermal efficiency would be of small size (1.25cm) and be of uniform size and shape. Although the energy efficiency of kilns is very important in choosing a system, the initial decision must depend on the properties of the raw material and how well the kiln can handle it, plus the desired quality of the end product.
CO 2 Concentration in Kiln
As CO 2 is released from limestone during calcination, concentration of CO 2 in the kiln atmosphere is increased. For proper calcination the CO 2 must be vented on a continuous basis. If CO 2 is not vented a concentration of high CO 2 and high calcination temperature will re_carbonate the lime on the surface of the pebbles and convert CaO back to CaCO 3 .
Temperature and Retention Time in the Kiln.
Since the temperature and time can easily be controlled, they were thus varied so as to determine best calcination parameters for the limestone by testing the quality of the lime product using such technological tests as loss on ignition of lime, decrepitation, mechanical strength, and reactivity and by inference porosity and surface area of the lime.
Loss on ignition of lime
This is the loss on ignition of lime and should not be confused with weight loss or loss on ignition of limestone. After calcining at the appropriate temperature the lime was allowed to cool in a dessicator and thereafter about 2g weighed accurately again to four places of decimal, placed in a crucible and then calcined further at 1100 0 C for 60 minutes. It was cooled to room temperature in a desiccator and then weighed again. The difference in weight was expressed as a percentage of the original weight to give the loss on ignition of lime at the particular calcined temperature. Table 2 shows the values obtained and the corresponding calcination temperature.
Decrepitation
After calcination at the prescribed temperature and duration the lumps of lime were allowed to cool to room temperature in a desiccator. They were then poured into 1.18mm sieve and shaken gently. The quantity of minus 1.18mm sieve material generated was measured and expressed as percentage of the original weight and then reported as percentage decrepitation. Table 3 presents the values obtained.
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Mechanical Strength
Screen analysis was carried out on the calcined stone. After shock-calcining the samples at the appropriate temperature the lime products were subsequently weighed and poured unto a set of sieves of aperture sizes 13.20mm, 9.50mm, 4.75mm, 2.36mm, 1.18mm and 0.60mm and then given extended shaking with the hand for about 10 minutes. Screening the stones for 10 minutes gives some indication of the tendency of the stone to decrepitate in the kiln. Results are shown in Table 4 .
Reactivity (Slaking Test)
It is primarily for comparing the reactivity of quick lime, and especially for monitoring the burning conditions in a small lime kiln. The maximum temperature reached through the exothermic reaction of quick lime with water is a good indicator of the quality of the lime at least in terms of the available CaO (Ruskulis, 1997) . American Society for Testing of Materials (ASTM) stipulated the guidelines for measurement of reactivity of lime. It specified the use of 100gm of lime in 400ml of distilled water at 25 0 C. The apparatus used was not automated but instead consisted of Thermos flask, thermometer reading up to at least 100 0 C, stop clock, a scale, a pestle, and mortar for crushing the quick lime and a rod as stirrer (Ruskulis, 1997) . The sample was prepared to pass 2.36mm sieve as quickly as possible and then left in a dessicator to cool to room temperature before the slaking test. 100gm of lime was added to 400ml of distilled water at 25 0 C in the Thermos flask and the cover replaced quickly without delay. The rod was employed in stirring it continuously and reading of temperature was taken at 30 seconds interval. Readings were recorded until less than 0.5 0 C temperature change was noted in each of three consecutive readings. The total active slaking time would then be the time at which the first of three consecutive reading was taken. The initial temperature was subtracted from the final temperature to obtain the total temperature rise. Also the initial temperature was subtracted from the temperature at 2 minutes to obtain temperature rise in 2 minutes (Table 5) . Suitable curves showing temperature rise as the ordinate and time as the abscissa were then plotted (Fig. 4) . The results were reported as temperature rise in degree after 2 minutes.
Type of Fuel
Most calcining is done by the use of oil, coal or natural gas for fuel. Both oil and gas contain sulphur compounds which vary from 0.5 to 3%. Sulphur will combine with CaO at proper temperature and produce calcium sulfide or calcium sulphate. This generally happens on the surface of CaO pebbles and renders them non-porous thus not suitable for slaking. Natural gas is the cleanest fuel and is mostly used in vertical kiln (Hassibi, 2002) .
DISCUSSIONS
Loss on ignition (LOI) of lime refers to the loss of carbon dioxide and combined water when sample is heated at 1100 o C. Principally, the CO 2 arises from incomplete decomposition of limestone. It also occurs as a result of atmospheric carbon dioxide absorption subsequent to manufacture and also in some kilns which are usually badly operated through recombination of freshly made lime with kiln gas. Combined water arises from absorption of moisture from atmosphere in the cooling zone of the kiln and during handling and stocking after lime leaves the kiln.
Loss on ignition is done to determine if calcination was complete (Boynton, 1980) . In the BOF (Basic Oxygen Furnace) levels of LOI is generally less than 3% (Anderson and Vernon, 1971) . If higher it is considered to have significant effect in reducing potential for scrap melting and may lead to uncontrolled foaming and slopping. The LOI was 1.19% at calcination temperature of 1050C and the highest value of 1.6% was obtained for 1000 o C/60minutes calcine ( Table 2 ). It has been noted that some microscopic physical changes occur in some calcitic lime at 800 o C, below dissociation point.
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A. B. OFULUME, D. M. ORAZULIKE, AND I. V. HARUNA Generally, this heat causes expansion in the crystal matrix of the limestone. In the highly crystalline limestone the heat produces stresses in the individual crystals causing them to fracture. The degree of decrepitation of these crystals maximizes with crystals of the largest linear dimension. In contrast crystals of fine grained stone generally resisted the temperature stresses without cracking. The highest decrepitation of 0.87% was obtained for the 1050 o C/90minutes calcine. These values are considered quite minimal compared with 14.64% decrepitation that has been reported for Jakura marble that decrepitated (Ofulume 2008) . Decrepitation drops when the stone has become dead burned.
The Mfamosing lime being fine grained does not decrepitate and does not generate fines either in the kiln or during mechanical handling as evidenced by the quantity of less than 0.60mm sieve material.
Plate 1: Mfamosing Limestone Sample: White, Fine Grained
Reactivity as measured by the slaking test is a function of porosity, chemical purity, surface area as well as temperature and duration of burning of the stone. The three properties reactivity with water, porosity and surface area are more or less inter-related. High degree of activity is usually associated with a highly porous lime which also has a high surface area. The higher the values of these parameters at the same temperature, the higher is the reactivity of the lime. (Table 5 ) As for the 1100 0 C/90min calcine there was a drastic drop in reactivity to 33 0 C. What can be inferred from these values is that the porosity and surface area of the lime were increasing with rise in temperature until at 1100 0 C when the lime's porosity and surface area decreased sharply because the lime was getting dead burned and denser and therefore shrinking in size. This is interpreted as onset of sintering.
American Society for Testing of Materials (ASTM) has defined a highly reactive lime as one that shows a temperature rise of 40 0 C or more in less than 3 minutes and taking 10 minutes or less to complete reaction.
On the basis of this definition therefore the lime made from Mfamosing limestone is a highly reactive lime and calcining the limestone at 1050 0 C for 90 minutes is the best calcination parameter (Ofulume 2008) . In accordance with (Boynton 1980 , O' Driscoll 1988 ) that categorized diverse limestone types based on their calcination behaviour: 1. Those that fracture and decrepitated readily during preheating and at low calcination temperatures. 2. Those that yield a porous reactive lime under most calcination conditions and are difficult to over burn. 3. Those that yield a dense unreactive lime of low porosity even under the mildest calcining conditions. 4, Those that yield a porous reactive lime under mild temperature conditions and a dense less porous lime under harder burning conditions; the Mfamosing limestone belongs to the fourth groupthose that yield a porous, reactive lime under mild temperature condition and a dense, less porous lime under harder and higher burning condition.
The Mfamosing limestone compares well with pure quality limestone at Shapfell, UK (Table 6 ) utilized for metallurgical purposes because of its low silica. Shapfell limestone is actually the source of Basic Oxygen Steelmaking (BOS) lime in the United Kingdom (Downie, et al.,1982) . The Mfamosing limestone also falls in line with the British Standard Institute (BSI) specification for limestone for chemical manufacture and sugar refining (Table 7) . The lime produced from Mfamosing limestone will have a very broad spectrum of applications that span chemical, metallurgical, constructional, environmental, agricultural, food and food by-products as well as sugar and petroleum industries applications.
